Introduction
Gallium arsenide (GaAs) and silicon (Si) are the most popu− lar substrates for hetero−epitaxy of HgCdTe, the basic mate− rial for infrared optoelectronics. HgCdTe−on−GaAs technol− ogy combines the advantage of a low cost of large−diameter GaAs wafers with the reasonable misfit between the crystal lattice parameters and the thermal expansion coefficients of HgCdTe and the substrate. The general quality of HgCdTe/ GaAs has proven to be superior to that of HgCdTe/Si [1, 2] . At the same time, there is still some lack of understanding of the influence of the specific defect structure of HgCdTe grown by a similar technology on GaAs and Si on the mate− rial electrical properties. In this work, we report on defects in HgCdTe/GaAs films studied using the Hall effect and photoluminescence studies combined with the post−growth treatment (annealing and/or ion milling), and compare the defect structure of n− and p−type HgCdTe/GaAs with those of HgCdTe/Si as reported recently [3] .
Experimental details
We studied hetero−epitaxial structures grown by molecu− lar−beam epitaxy (MBE) on 2" (310)GaAs substrates with CdTe/ZnTe buffer layers [4] . In a typical structure, a Hg 1−x Cd x Te film with the composition x a was protected by top and bottom graded−gap layers with x increasing near the both interfaces. The electrical properties of the structures were studied using the Hall coefficient R H and the conduc− tivity s measurements in the magnetic field B at the range of 0.01-1.5 T at the temperature T = 77 K. The R H (B) and s(B) dependences were analyzed by using a discrete mobility spectrum analysis (DMSA) [5] . The use of DMSA allowed for considering the effect of the graded−gap layers and the contribution of the ion−damaged n + surface layer in the ion−milled samples. The parameters of the films (as−grown n−type, and annealed into p−type in He atmosphere at 230°C for 20 hours) as extracted with DMSA are given in Table 1 .
Photoluminescence (PL) and photoconductivity (PC) measurements were performed at 84 K. In the PL studies, a focused beam of a semiconductor diode laser emitting at 0.81 μm with the power density of 120 Wcm -2 was used for excitation. The beam was mechanically chopped (192 Hz) and the signal was registered with a cooled Ge:Au detector using a lock−in amplifier. The PL signal was both excited at and collected from the side of the HgCdTe hetero−epitaxial structure with the GaAs substrate attached to a cold finger of LN 2 cryostat.
Ion milling is known to inject in HgCdTe a very high concentration of mercury interstitials Hg I which fill the vacancies in the metal sub−lattice, and interact with other point and extended defects. Studying properties of HgCdTe before and after the milling, as well as during so−called relaxation, when newly formed defects gradually decom− pose with the material aging, have proven to reveal a con− siderably larger body of information about the defects, com− pared with the standard procedure [5] [6] [7] . To perform ion milling, the IB-3 (EIKO, Japan) etching system was used with Ar + ion energy of 500 eV, the current density of 0.2 mA cm -2 and the milling time of 20 min.
Results and discussion
The data on the electrical parameters of the films are sum− marized in Table 1 (note that sample M12 was doped with In during the growth, while other samples were nominally un−doped). The milling resulted in n−type conductivity thro− ughout the whole thickness of the films irrespective of the initial conductivity type. Straight after the milling the mo− bility of electrons μ n in the films was quite low, indicating concentration of scattering centres of~1×10 17 cm -3 . With aging of the structures at T = 300 K, the mobility gradually increased, and by the end of the relaxation for non−annealed films it reached values similar to those in the as−grown sam− ples. In the annealed films, the mobility in the milled films was higher than that in the as−grown samples. Figure 1 shows the dependence of the electron concen− tration in the films n 77 on the aging time t. The n 77 straight after the milling was 0.5 to 1.0×10 17 cm -3 , which corre− sponded to the mobility data very well. These high values suggest that the structures fabricated with our MBE technol− ogy contain certain defects, which are electrically neutral in the as−grown material, but get activated by ion milling, which leads to the formation of donor centres with high con− centration. As it was shown for HgCdTe films grown by liq− uid−phase epitaxy, such type of defects may be associated with nano−size Te precipitates that get broken apart by ion milling [6] . Note that the value of n 77 after the milling appeared to depend on x a , which contrasted the films under study to HgCdTe/Si [3] . The dependence of n 77 on x a in the material grown on GaAs is believed to be caused by differ− ent growth conditions (substrate temperatures) used for the MBE of structures with different x a [7] . Namely, growth of HgCdTe/GaAs with x a~0 .3 is performed at a higher sub− strate temperature than that of the material with x a~0 .2. Higher temperature stimulates more efficient decomposi− tion of bi−atomic Te molecules on the surface, which leads to lower concentration of defects related to excessive Te. The presence of neutral defects and their activation by ion milling is supported by the fact that for all the samples the initial stage of the relaxation proceeded very similarly for each pair of samples (n− and p−type) with the identical x a (the filling of the vacancies in p−type material proceeds dur− ing the treatment and has no effect on relaxation of the activated defects after the milling).
The first stage of decay of n 77 was exponential, but after a relatively sharp decrease, n 77 was levelling off. After the relaxation, when all donor complexes, which form under the milling, disintegrate, n 77 is determined by the concentration of stable residual donor dopants, intrinsic donors (such as anti−site tellurium in the MBE−grown material [4] ) and in− tentionally introduced donors [7] . For non−annealed and annealed samples doped with In (x = 0.22, M12), the n 77 after the post−milling relaxation was similar and equalled 4.7×10 15 cm -3 . This value represents a sum of indium con− centration of~2.2×10 15 cm -3 (as measured with secondary ion mass spectroscopy), and concentration of residual do− nors of~2.5×10 15 cm -3 , the latter value being typical of MBE−grown HgCdTe/GaAs [7] . In nominally un−doped samples with x = 0.30 the residual donor concentration appeared to be higher. In non−annealed sample M23 it equalled 4.3×10 15 cm -3 , while in the annealed sample it was equal to 3.1×10 15 cm -3 . The difference in residual donor concentration in samples with x~0.2 and x~0.3 can also be attributed to a different substrate temperature during the growth [7] : the higher temperature causes stronger auto− −doping. Figure 1 also shows data on the relaxation of the electron concentration in an ion−milled HgCdTe sample grown on (211)B GaAs with a different MBE technology [8] . It can be seen that n 77 values both right after the milling and after the relaxation in this sample were close to our data. Thus, it can be concluded that the concentration of residual donors in MBE HgCdTe/GaAs is an order of magnitude higher than that in HgCdTe/Si. This can be attributed to auto−doping of HgCdTe/GaAs with Ga. Let us now note the positive effect of the annealing on the mobility after the relaxation. The similar effect was observed for HgCdTe/Si, where mobility after annealing, ion milling and relaxation was approaching the upper limit for the given HgCdTe composition. This was explained by suggesting that in the as−grown samples some extra scatter− ing took place on stacking faults (typical of HgCdTe/CdTe/ ZnTe/Si), which were removed by annealing [3] . The absen− ce of stacking faults in HgCdTe/GaAs and a smaller in− crease in mobility after annealing suggest that the post− −anneal increase of μ n observed in this work was caused by decrease in the concentration of compensating acceptors.
Further support to this argument was obtained from the results of the study of the PL structures' properties. Figures  2 and 3 show PL and PC spectra of two HgCdTe/GaAs sam− ples. As it can be seen, the PL spectra of the as−grown sam− ples contain at least two PL bands. An example of spectra deconvolution is given in Fig. 2 for the sample M22. Here, the band with the highest energy A for the as−grown sample in spectrum 1 corresponded to the energy gap from the PC measurements (spectrum 2, the energy gap was taken as cor− responding to 50% of the maximum of the PC signal), which was~245 meV. The full−width at half−maximum (FWHM) of this PL band was~18 meV. The low−energy band B was located at the distance of~14 meV from the "band−to−band" (BB) peak and could be ascribed to transi− tions from the conduction band to an acceptor level. Spec− trum 3 in Fig. 2 was recorded on the sample, which was ion-milled and allowed to relax for 24 h to eliminate the effect of "blue−shift" caused by milling−induced formation of donor centres with concentration of~10 17 cm -3 [7] . One can see, that the spectrum still contains two bands (marked as A' and B') with the similar distance between them. Figure 3 shows the PL spectra of the non−annealed and annealed sample M23 before and after ion milling and relaxation. The spectra deconvolution is not shown to avoid overloading the graph, yet it is clearly seen that the PL spec− trum of the as−grown sample (1) contained two bands. The FWHM of the BB line A centred at 248 meV was~20 meV (50% of maximum of the PC signal corresponded to 247 meV). The low−energy band B was located at the distance of 18 meV from the BB peak and, again, could be ascribed to transitions from the conduction band to an acceptor level. As it can be seen, for this sample ion milling did not affect the shape of the PL spectra of non−annealed sample either (compare spectra 1 and 2). This meant that in both samples M22 and M23 the acceptor states responsible for the band B were related neither to Hg vacancies, nor to I or V group acceptors. Under ion milling, the former annihilate with Hg I , while the latter form donor centres with Hg I atoms, so they all cease to exist as acceptors [5] . The PL spectrum of the annealed yet non−milled sample (spectrum 3) could be again fitted with two lines, but with different spacing between the lines as compared to the as−grown sample. spaced from the BB peak by~26 meV (note that the BB line got blue−shifted by~9 meV as a result of the annealing). After ion milling, this low-energy shoulder disappeared completely, and the spectrum (marked as 4 in Fig. 3 ) con− tained only one Gaussian−shaped band C' (FWHM=19 meV), which could be ascribed to BB−like type of transi− tions. This shows that after the annealing the concentration of acceptor states, which existed in the as−grown sample, was substantially reduced. Such observation agrees with the increased post−relaxation mobility in the films, which prior to ion milling were subjected to annealing, as compared to non−annealed ion−milled films. Summarizing, after ion milling we observed an increase of the electron mobility in non−annealed samples, and even bigger increase in annealed samples, both effects suggesting reduction of the concentration of compensating acceptors. Relating to the optical properties of the films, we noticed that ion milling had no effect on the shape of PL spectra of non−annealed samples. At the same time, annealing greatly reduced the intensity of acceptor−related PL bands and subse− quent ion milling eliminated them completely. Considering the fact that we did not observe such effect in PL spectra of HgCdTe/Si samples [3] , we can suggest, then that the HgCdTe/GaAs films contained acceptor states which were not related to impurities or intrinsic acceptors, but rather to structural defects. Substantial improvement of structural qua− lity of MBE HgCdTe as a result of annealing as revealed by narrowing of low−temperature excitonic PL lines has been observed recently [9] . Therefore, it is most likely that the ac− ceptor defect in question was related to a structural imperfec− tion which would be typical specifically of HgCdTe/ GaAs.
Conclusions
In conclusion, we have studied the defect structure of HgCdTe films grown by molecular−beam epitaxy on GaAs substrates and compared it to that of HgCdTe grown on Si. For both types of films, an initially neutral defect was found, which got activated by ion milling and yielded donor cen− ters with the concentration of~10 17 cm -3 . In the films grown on GaAs, this concentration seems to depend on the chemical composition of HgCdTe, which relates the defect to growth conditions. Also, films grown on GaAs appear to have much higher residual donor concentration [(3-5)×10 15 cm -3 ] than those grown on Si [(3-7)×10 14 cm -3 ] , and this effect can be related to auto−doping. Both types of films also contain residual acceptors, but while in films grown on Si these could be related to an uncontrollable acceptor doping, in HgCdTe/GaAs the acceptor states more likely are related to structural defects. The results obtained show that MBE HgCdTe films grown on GaAs and Si under similar condi− tions, in fact substantially differ in respect to their defect structure.
